The hydrodesulphurization of 2-and 3-methylthiophene was studied over a sulphided, alumina-supported cobalt molybdate catalyst in a microreactor permitting the use of both pulse and steady-state flow techniques. The higher rates obtained with the 3-isomer were interpreted in terms of involvement of the a-carbon. The results were found to conform to the predominant reaction sequence proposed earlier for thiophene: C-S bond fission followed by diene and monoolefin formation and complete saturation. Some ancillary experiments on the hydrogenation of Cs-olefins were reported.
INTRODUCTION
In three previous publications from this laboratory (1-3) studies of the hydrodesulphurization of thiophene on a commercial cobalt molybdate catalyst and a sulphided chromia catalyst were described. By making use of the microreactor technique it was possible t o examine the adsorption-desorption behavior of reactants and products on the surface of these catalysts under reaction conditions. I t was argued that the rate-determining step in the reaction was either hydrogen chemisorption or a surface reaction. No thiolane or mercaptans were found among the products and it was demonstrated that ring hydrogenation was not the initial step; the latter was more likely to be C-S bond fission. Though butadiene was identified only in the products from reactions over chromia, it was assumed t o have been an intermediate also with the cobalt molybdate catalyst. This has since been verified in this laboratory by infrared transmission studies of the catalyst during the reaction (4) . An excess of 1-butene over the amount expected from the isomerization equilibrium in the vapor phase was noted over chromia catalyst (1) . I t was shown to be the initial isomer formed in a later investigation by Vernon and Richardson ( 5 ) , who studied the effects of varying the amount of cobalt promoter on the activity of molybdenum sulphide catalysts for thiophene hydrogenolysis. The experiments of Kirsch et al. (6, 7) with cobalt molybdate catalysts are in good agreement with those of the present series in several respects, notably in their consistency with the concept of a dual function catalyst.
In extending the use of the microcatalytic reactor to the desulphurization of the meth)-lthiophenes it was hoped to examine the effect of the methyl group in different positions on the behavior of the thiophene ring in the reaction and thus t o throw further light on the detailed mechanism of hydrogenolysis. The hydrogenation and isomerization reactions of the resulting Cb-olefin products were also expected to be of interest. employed in beds of 0.47 g, 1.0 g, and 5.4 g, the smallest weight being used in all the single-shot runs t o avoid the long pulse delays otherwise encountered. The catalyst was again stabilized with thiophene carried in a stream of hydrogen a t 400'. This sulphiding process was repeated for occasional reconditioning.
Chromatographic and mass-spectrometric estimates of impurities contained in the thiophenes used yielded the following approximate results. Thiophene (Eastman) contained 17, benzene as its major impurity, 0.170 CS2, 0.02-0.0470 methyl ethyl ketone, and two unknown species of similar concentration; with 2-methylthiophene (Aldrich) no impurity bands were detectable, the lowest limit being -0.017,; 3-methylthiophene (Aldrich) contained 0.97, 2-methylthiophene as its only detectable impurity. All three were used as received in continuous-flow experiinents, but were purified by preparative gas chromatography for the single-shot and adsorption runs. The hydrocarbons employed were all Phillips research grade. Hydrogen from a cylinder was passed through a palladium catalyst and drying column t o remove oxygen and water.
Most of the hydrocarbon analysis was carried out using a 25-ft propylene carbonate column (30% w/w on 30-to 48-mesh Chromosorb, in copper tubing). Satisfactory resolution of all Cs-isomers was obtalned except for trans-2-pentene and 2-methyl-1-butene, which had identical retention times. Since hydrogenolysis of 2-methylthiophene gives rise predominantly t o normal hydrocarbons and hydrogenolysis of 3-methylthiophene to branched hydrocarbons, i.e. without the occurrence of appreciable skeletal isomerization (Table I) , this was not important. Nevertheless, it was possible by a series of successive approximations t o estimate the concentration of the minor component of the olefin band in a given case on the basis of the above consideration and utilizing further product distribution data given in Table I . A 6-ft tricresyl phosphbte column (407, w/w on 35-to 60-mesh Chromosorb, in glass tubing) was used a t 70-90' in the determination of temperature coefficients and as a checlr on the percentage conversion calculated from results with the ~r o~y l e n e carbonate column. 
RESULTS A N D DISCUSSION
As in the case of thiophene (1) no evidence was obtained of mercaptan or thiolane intermediates among the products. Dienes could likewise not be identified. The distribution of the products for 2-,~1 shots on a 0.47-g catalyst bed is shown in Table I a t four different temperatures. From the table, the following conclusions can be drawn. Under the same conditions, 3-methylthiophene undergoes higher conversion than 2-methylthiophene, the activity ratio being approximately constant in the temperature range 277 to 362O, in which diffusion is not rate controlling.
The percentage of saturates in the products is always greater for 2-methylthiophene than for the 3-methyl compound. This conforms to the observation of Gaschke, Spector, and Heinemann (8) that the rate of hydrogenation of 2-pentene on a cobalt molybdate alumina catalyst is faster than that of 2-methyl-2-butene. Furthermore, there is a general tendency favoring isomerization to branched rather than normal hydrocarbons. Thus, the Can. J. Chem. Downloaded from www.nrcresearchpress.com by 52.11.211.149 on 01/04/20
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percentage of skeletal rearrangement of the (branched) products of hydrogenolysis of 3-methylthiophene varies from 0 to 10% in the temperature range examined, while it remained fairly constant a t about 40% for the (normal) products from the 2-isomer. Both the preferential hydrogenation of normal olefins and their tendency to isomerize t o branched olefins can be rationalized if acid sites are responsible for the reactions. There is reason to believe such t o be the case. A few experiments in this laboratory using cobalt molybdate catalysts containing varying amounts of sodium (deposited from aqueous sodium carbonate) showed that both hydrogenolysis and olefin hq-drogenation were suppressed by the alkali. The different sites, or the different functions of the same type of site, were also shown to be selectively poisoned by H2S (1, 7) . From other investigations in cracking and isomerization (9) it is reasonable to deduce that the carbonium ion from a normal olefin is more reactive and can either isomerize to a branched carbonium ion or hydrogenate to form a saturated hydrocarbon. The branched carbonium ion is more stable and gives the branched olefin without skeletal rearrangement.
The effect of sample size on conversion is similar t o that found for thiophene and is demonstrated in Fig. 1 . The Cg analysis for the experiments a t 414' (diffusioil-controlled region) was made using the tricresyl phosphate column and for those a t 305' the propylene carbonate column. The effect is sufficiently marked to demonstrate that, as before (I), steady-state conditions are to be preferred for strict quantitative measurements (see e.g. Table 11 ). Hydrogenation experiments were carried out with 2-p1 sainples of the olefills in the absence of thiophene and H2S1 and once again the normal olefin was found to be hydrogenated to a greater extent. Also, skeletal rearrangement favored the formation of branched olefins, as indicated by Fig. 2(b) .
In order to determine temperature coefficients of the rates of hydrogenolysis for thiophene and its homologues, continuous-flow experiments were carried out in the Can. J. Chem. Downloaded from www.nrcresearchpress.com by 52.11.211.149 on 01/04/20
For personal use only. temperature range 165 to 230" C on a 1.0-g catalyst bed and the results are presented in Table 11 . The reaction rates shown are interpolated from the rectilinear plots of log conversion vs. reciprocal temperature, which were obtained by the method of least squares; slopes and hence temperature coefficients (apparent activation energies E) were computed a t the confidence level. The energy value for thiophene proved to be the same, within experimental accuracy, as that for a 5.4-g catalyst bed and similarly agreed with that quoted in an ealier publication (1) . Changing the flow and hence the feed rate did not alter the value appreciably.
I t can be seen from Table I1 that there is little difference in the temperature coefficients of hydrogenolysis for the two methylthiophenes, in contrast to the much higher value for Can. J. Chem. Downloaded from www.nrcresearchpress.com by 52.11.211.149 on 01/04/20
For personal use only. thiophene. On the other hand the conversion of 3-methylthiophene is consistently more than double that of the 2-isomer. Thiophene reacts a t rates similar to those of 2-methylthiophene a t the lower temperatures and tends to approach its 3-methyl homologue in activity a t higher temperatures.
An explanation for the higher rates of conversion of 3-methylthiophene compared t o the 2-methyl compound has to be consistent with the behavior of thiophene. If hydrogen chemisorption were to be the only rate-determining step, changes in the structure of the other reactant such as introduction of a methyl group in the aromatic ring or change of its position would not affect the rates and energies of activation significantly. That the slow step could be the adsorption of the thiophene would also seem to be ruled out. Heats of adsorption of thiophene and the methylthiophenes were measured by the peak delay technique (1-3) on the 1-g catalyst sample in the range of reaction temperatures, and were found to be 8.7A0.5 kcal/mole for thiophene and 1 1 . 0 f 1.2 kcal/mole for each of the two methylthiophenes. If these are the heats of chemisorption, then the difference in the activities of the two methylthiophenes cannot be explained on the basis of differences in adsorption energy. I t is very likely then that the slow step is a surface reaction such as C-S bond fission on the catalyst surface. The surface species involved in the fission should be different for thiophene and the methylthiophenes, and different again for 2and 3-methylthiophene. This makes it unlikely that the slowly reacting surface species is bonded to the catalyst surface through a T-bond to the aromatic ring, although the latter might be a precursor in the reaction sequence. A T-complex of this type between chromium tricarbonyl and thiophene has been characterized, for instance, by Fischer and Ofele (10) . The electron density a t the a-carbon atom is most probably the determining factor. The combined inductive and hyperconjugative effects of the methyl group in the 3-position can enrich the a-carbon atom of the 3-methylthiophene and impart to it greater affinity for a proton or an acidic surface site. If the a-hydrogen atom is replaced by a methyl group, however, the hyperconjugation would oppose the interaction of the aromatic double bond with the sulphur atom. There would still remain a smaller activation of the unsubstituted a-carbon. The thiophene molecule without any localizing substituent effects should then require higher activation for the C-S bond scission. The difference in activity of the 2-and 3-methylthiophenes is not reflected in their apparent activation energies possibly because of the limited accuracy of the measurements. Thus by assuming the "compensation effect" to be operative it can be estimated that a variation in rates by a factor of 2 will result in activation energy changes of the same magnitude as the uncertainty in the measured E values.
I t is of interest t o consider possible gas-phase intermediates. By analogy with thiophene itself, it is reasonable to expect Cs-dienes t o be intermediates in the reaction of the methyl thiophenes over cobalt molybdate catalyst. A few shot runs with n-pentadienes and isoprene in a stream of hydrogen showed that, if they were initially formed in the hydrogenolysis, they would be hydrogenated too fast to be detected among the products under the conditions used. On the other hand using alumina alone, dienes were positively identified among the hydrogenolysis products arising from both thiophene and the methylthiophenes. A highly pure and acidic alumina was prepared for this purpose by the method of Pines (11) (conversions were less than 2% a t 300-400' C). The insignificant departure from gas phase equilibrium (9) among the pentene and also the methylbutene isomers in the reaction products unfortunately precluded identification of the initial monoolefin formed from either of the two methylthiophenes. Previously, 1-butene had been so Can. J. Chem. Downloaded from www.nrcresearchpress.com by 52.11.211.149 on 01/04/20
identified in the case of thiophene itself (1) . Cyclic intermediates with partial or complete saturation of the aromatic double bonds have apparently no place in the thiophene hydrogenolysis scheme. Desulphurization of dihydro-and tetrahydro-thiophene is being investigated and the results, to be published later, indicate the reaction pattern to be quite different. Also, the differences between the activities of thiophene and its immediate homologues depend on the retention of the thiophene double bonds before the ratedetermining step, which, in turn, is consistent with a mechanism involving the a-carbon atom.
